Telomere shortening is a marker of cellular aging and has been associated with risk of Alzheimer's disease. Few studies have determined if telomere length is associated with cognitive decline in non-demented elders. We prospectively studied 2,734 non-demented elders (mean age: 74 years). We measured cognition with the Modified Mini-Mental State Exam (3MS) and Digit Symbol Substitution Test (DSST) repeatedly over 7 years. Baseline telomere length was measured in blood leukocytes and classified by tertile as "short", "medium", or "long". At baseline, longer telomere length was associated with better DSST score (36.4, 34.9 and 34.4 points for long, medium and short, p <0.01) but not for change in score. However, seven-year 3MS change scores were less among those with longer telomere length (−1.7 points vs. −2.5 and −2.9, p = 0.01). Findings were similar after multivariable adjustment for age, gender, race, education, assay batch, and baseline score. There was a borderline statistically significant interaction for telomere length and APOE e4 on 3MS change score (p=0.06). Thus, telomere length may serve as a biomarker for cognitive aging.
Introduction
Telomere length is emerging as an important biomarker for aging-related processes. Telomeres are simple stretches of DNA that "cap" the ends of chromosomes. Each time a cell divides, end nucleotides are lost and telomere length decreases. Telomeres shorten not only with each cell division, but also with aging and oxidative stress, both important factors in cognitive function. (Aviv, 2006) The cumulative shortening of telomere length has been linked to lifespan (Cawthon, et al., 2003) and various age-related conditions including cardiovascular disease, (Benetos, et al., 2004 ,Brouilette, et al., 2007 ,Fitzpatrick, et al., 2007 ,van der Harst, et al., 2007 osteoarthritis, (Zhai, et al., 2006) osteoporosis (Valdes, et al., 2007) and obesity. (Valdes, et al., 2005) A small number of studies have investigated telomere length and risk of developing dementia. Findings have suggested an association between shortened telomere length and risk of vascular dementia (von Zglinicki, et al., 2000) and Alzheimer's disease (AD). (Panossian, et al., 2003) More recently, Honig and colleagues reported that relative telomere length was shorter among elders with reduced survival and with a diagnosis of AD. Furthermore, they found an interaction with apolipoprotein E (APOE) e4 in that with persons with an e4 allele had more marked reductions in survival and greater risk of AD. (Honig, et al., 2006) Shorter telomere length has also been linked to an increased risk of dementia among stroke survivors. (Martin-Ruiz, et al., 2006) Most of these studies used a case-control design which may be more sensitive to bias. Few studies have prospectively examined the association of telomere length and cognitive function or rate of cognitive decline in non-demented elders.
We determined if leukocyte telomere length was associated with cognitive aging in an ongoing prospective study of non-demented elderly men and women. We also assessed if there was an interaction between APOE e4, telomere length and cognitive aging. Our hypothesis was that shorter telomere length would be associated with worse baseline cognitive function and greater rate of cognitive decline.
Methods

Study population
Participants were part of the Health Aging and Body Composition (Health ABC) Study, a prospective cohort study beginning in 1997 of 3,075 community-dwelling older adults aged 70-79 years and living in Memphis, TN or Pittsburgh, PA. To identify potential participants, a random sample of white and black Medicare-eligible elders within designated zip code areas were contacted. To be eligible for the study, participants had to report no difficulties performing activities of daily living, walking a quarter of a mile, or climbing 10 steps without resting. All participants were free of life-threatening cancers and intentions to move out of the study area for at least 3 years. All participants signed an informed written consent, approved by the institutional review boards at the clinical sites. This study was approved by the institutional review boards of the two field centers (University of Pittsburgh and University of Tennessee, Memphis) and that of the coordinating center, the University of California, San Francisco. After excluding the 328 participants without telomere length measurement and 13 participants without cognitive testing, our analytic cohort consists of 2,741 Health ABC participants.
Measurements
The Modified Mini-Mental State Examination (3MS), a brief, general cognitive battery with components for orientation, concentration, language, praxis, and immediate and delayed memory, (Teng and Chui, 1987) was administered to participants during the baseline visit (Year 1) and repeated at the Year 3, 5 and 8 follow-up visits. The maximum or best score is 100. The Digit Symbol Substitution Test (DSST), administered in Years 1, 5 and 8, measures attention, psychomotor speed, and executive function. (Wechsler, 1997) The DSST score was calculated as the total number of test items correctly coded in 90 seconds with a maximum (best) score possible of 90.
Genomic DNA was extracted from blood leukocytes by standard procedures. Average telomere lengths were measured in each sample by quantitative polymerase chain reaction (PCR) in the Department of Human Genetics at the University of Utah. Thermal cycling was conducted using the Corbett Research Rotor-Gene 3000 machine and the Rotor-Gene 5.0.2 software. Relative average telomere lengths were determined by comparing each DNA sample to a reference DNA sample using the standard curve method. The coefficient of variation is 5.8%. (Cawthon, 2002) Covariates included participant baseline age, race, gender and whether or not they achieved a high-school level of education. Body mass index (BMI) (kg/m 2 ) was calculated from direct height and weight measurements at baseline. Presence of diabetes mellitus and hypertension, and history of stroke or transient ischemic attack (TIA) or myocardial infarction (MI) were determined using prevalent disease algorithms based on a combination of self-report of physician diagnoses, recorded medications and laboratory findings. Depressive symptoms were assessed with the 20-item Center for Epidemiologic StudiesDepression Scale (CES-D), with a score ≥16 consistent with possible depression. (Radloff, 1977 ) Apolipoprotein E (APOE) genotyping was performed at Bioserve.com (Laurel, MD) using standard SNP analyses. For our analyses, we determined the presence of one or more e4 alleles.
Statistical analyses
We first categorized telomere lengths into tertile as telomere length was not normally distributed. We next determined if there were associations between telomere tertile and baseline characteristics, using chi-square tests for categorical and ANOVA for continuous variables.
We analyzed the association between telomere tertiles and baseline and change in 3MS and DSST scores using repeated measures mixed effects models. Random intercepts and slopes were estimated for each participant, assuming an unstructured covariance matrix. Covariates entered as fixed effects in multivariable adjusted models included age, race, gender and education because they were significantly associated (p<0.05) with both telomere tertile and cognitive test scores. We also included a covariate indicating assay batch to account for interassay variability. In addition, we tested for an interaction between telomere tertile and APOE e4 genotype on cognitive function. We also tested for interactions with gender and race and telomere tertile and cognitive function. Since 3MS scores were negatively skewed, we log transformed them for analysis and then back-transformed them for reporting purposes. Mean 3MS and mean DSST scores were calculated from the mixed model results by telomere tertile for presentation. All analyses were conducted using SAS version 9.1 (SAS Institute, Cary, NC) and Stata 10.1 (StataCorp LP, College Station, TX).
Results
The mean age of the study population was 73.6 (± 2.9) years at baseline and 80.4 (± 2.8) years at follow-up; 52% were women and 41% were Black. The "short" telomere group was composed of 910 individuals with mean telomere length of 3510 base pairs. The "medium" telomere group was composed of 902 individuals with mean telomere length of 4740 base pairs and the "long" telomere group was composed of 922 individuals with mean telomere length of 6280 base pairs. Those with longer telomeres were younger on average and more likely to be female, Black, and a high school graduate (p<.05 for all) (Table 1) .
At baseline there was no difference in 3MS score by telomere length. Those with long telomere length had a mean (±standard error) score of 91.2 (±0.2) points vs. 90.9 (±0.1) and 90.8 (±0.2) for those with medium and short length (p=0.28) (Table 2) . However, 7-year 3MS score decline was less among elders with long telomere length compared to those with medium or short telomere length (−1.7 ± 0.3 points vs. −2.5 ± 0.2 and −2.9 ± 0.3 respectively, p=0.01). In multivariable models adjusted for age, gender, race, education, and assay variability, results were similar (−1.3 ± 0.3 points vs. -2.0 ± 0.2 and −2.5 ± 0.3 respectively, p = 0.01) (Figure 1 ).
Baseline DSST scores varied by telomere length tertile. Those with longer telomere lengths had a mean score of 36.4 (± 0.4) points vs. 34.9 (± 0.3) and 34.4 (± 0.3) for those with medium and short lengths (p<0.01) ( Table 2 ). Average 7-year change score, however, did not vary across the three groups (−4.3 ± 0.4 points, −4.2 ± 0.2 points, and −4.3 ± 0.4 points, p=0.97). In multivariable models adjusted for age, gender, race, education, and assay variability, results were similar with statistically significant differences in baseline score (36.4 ± 1.0, vs 34.8 ± 1.0 and 34.4 ± 1.0, p=0.02) (Figure 2 ).
There were no significant interactions between telomere length and APOE e4 on DSST at baseline (p=0.67) or over time (0.33). There was a borderline statistically significant interaction (p=0.06) for 3MS score over time in which elders with an APOE e4 allele and shorter telomere length had greater decline but not for baseline score (p=0.96). There were no significant interactions with gender or race and telomere length and cognitive scores (p<0.10 for all). Additional analyses using race and gender specific tertile of telomere length resulted in almost identical results. Participants with longer telomere length were less likely to have died by the final visit compared to those with medium and short telomere lengths (18.1% versus 20.5% and 23.0%, p=0.04).
Discussion
Community resident elders with longer telomere length exhibited better baseline attention and psychomotor speed, dimensions of cognitive function and less decline in global cognitive functioning over 7 years relative to elders with short or medium telomere length. These results were independent of factors that varied by telomere length including demographic characteristics.
These results are consistent with previous studies reporting an association between telomere length and risk of dementia. (Grodstein, et al., 2008 ,Honig, et al., 2006 ,Martin-Ruiz, et al., 2006 ,von Zglinicki, et al., 2000 In a nested case-control study, Honig and colleagues observed that mean telomere length was shorter among patients with AD compared to controls. (Honig, et al., 2006) Further, in those who developed dementia, telomere length was associated with reduced survival. (Honig, et al., 2006) Interestingly, the interaction between APOE e4 and telomere length on risk of AD and survival reported in that study was not present in the current work although there was a similar trend level finding for 3MS change score suggesting that this needs further exploration. (Honig, et al., 2006) Our findings are also consistent with a prospective study which found longer telomere length associated with less cognitive decline, as measured by the MMSE, and reduced risk for dementia and death. (Martin-Ruiz, et al., 2006) Finally, our results are consistent with a cross-sectional study of older women in which a correlation was observed between worse cognitive function and shorter telomere length. (Valdes, et al., 2008) However, other studies have not reported an association between telomere length and cognitive outcomes. Harris and colleagues observed no significant association between agerelated cognitive decline or mortality. (Harris, et al., 2006) This could, however be due to the fact that the study was small (N=190) and the mean age was 79 years old. The authors postulate that the stability of telomeres lessens with age, and thus there may be a reduction in the strength of the association with telomere length and outcomes as people get much older. (Harris, et al., 2006) Several mechanisms may explain the association between telomere length and cognition. The association may be due to an indirect mechanism such as increased oxidative stress (Barnham, et al., 2004) or inflammation. (Jones, 2001 ,Yaffe, et al., 2003 Previous studies have demonstrated that telomere length is associated with indices of oxidative stress, (Demissie, et al., 2006 ,Epel, et al., 2004 and with markers of inflammation. (Bekaert, et al., 2007 ,Fitzpatrick, et al., 2007 Both of these are believed to be key mechanisms for the neurodegeneration seen in AD and other dementias. (Barnham, et al., 2004 ,Jones, 2001 ,Perry, et al., 2000 ,Yaffe, et al., 2003 Another possible mechanism is that cognitive aging and telomere length are strongly influenced by similar genetic factors. (Andrew, et al., 2006 ,Nawrot, et al., 2004 ) Based on twin and family studies, telomere length has been noted to be heritable, with heritability estimated to be around 36%. (Andrew, et al., 2006) Finally, it may be that telomere length may contribute to a third factor such as hypertension or cardiovascular disease, which in turn has an effect on cognitive function. (Bekaert, et al., 2007 ,Fitzpatrick, et al., 2007 ,Jeanclos, et al., 2000 This study has many strengths including a prospective design and large and diverse sample. Nearly all prior studies have had case-control or cross-sectional design (Honig, et al., 2006 ,Panossian, et al., 2003 ,Valdes, et al., 2008 ,von Zglinicki, et al., 2000 with limited ability to draw causal inferences. We were also able to control for possible confounding by conducting multivariable models adjusting for those characteristics that differed across telomere length and might also affect cognitive function.
There are also several limitations to be considered when interpreting the results, including the large inter-individual variability of telomere length. (Demissie, et al., 2006 ,Honig, et al., 2006 ,Jeanclos, et al., 2000 We could not test all cognitive domains and lacked of information on the etiology underlying cognitive decline. Finally, there was differential survival related to telomere length and this could affect our longitudinal results. However, we anticipate that since participants with shorter telomere length had reduced survival, the findings might have even been more pronounced had they remained in the study.
In this study we found that telomere length was associated with cognitive decline and mortality in a diverse cohort of non-demented elders. As identification of biomarkers for dementia and cognitive decline is critical, it will be essential to further study the association between telomere length and cognition. The possible advantage of telomere length as a biomarker is its relative ease of measurement and association with a wide variety of agingrelated conditions. However, an issue that needs to be resolved is that there is not a clear "cut-off" telomere length that can be used as a prognostic marker at the individual level. Future studies should prospectively evaluate if changes in an individual's telomere length correspond to incident disease including the development of cognitive impairment and dementia.
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Figure 1.
The association between multivariable adjusted 3MS scores and telomere length tertile. Models were adjusted for age, gender, race, education, and assay variability. *P for trend = 0.98 for baseline and 0.01 for change score. The association between multivariable adjusted DSST scores and telomere length tertile. Models were adjusted for age, gender, race, education, and assay variability. *P for trend = 0.02 for baseline and 0.99 for change score. Unadjusted mean (standard error) baseline and 7-year change 3MS and DSST scores 
